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INTRODUCTION
The nuclear properties of spent reactor fuel are determined by the initial composition of the fuel and the burnup that the fuel experienced in the reactor. The nuclear reactivity of a spent-fuel assembly and the criticality (the ability to sustain a fission chain reaction) of an array of spent-fuel assemblies can be calculated from the initial enrichment, burnup, and cooling time of the assemblies.* An average burnup value is assigned to each fuel assembly at the time of discharge from the reactor based on the operating history of the reactor and the distribution of the neutron flu as monitored by in-core measurements during operation. In this report, burnup will refer to the average bunup value assigned to a spent-fuel assembly. Burnup is commonly expressed in units of gigawatt days (GWd, a time integral of the thermal power) per metric ton of uranium metal originally contained in the assembly (MTU).
The purposes of the operation described here are to enlarge the database of measurements with the Fork detector system at operating nuclear utilities, to conduct axial profile measurements along the length of assemblies, to measure non-standard assemblies that might produce anomalous results, and to investigate the impact of differing assembly designs on the results of the measurements. A similar exercise was conducted in 1993 at Oconee Nuclear Station of Duke Power Company.2
Role of Measurements
A need for verification of assembly bumup arises from concerns of nuclear criticality safety in the design of storage and transport systems for spent reactor fuel. A verification measurement can provide a check of reactor records that could affect nuclear criticality safety. Studies have concluded that the utility-supplied data on burnup are of greater accuracy and reliability than could be provided by additional radiation measurements on spent-fuel assemblies.3 The primary reason for this conclusion is the nature of the measurements from which the burnup is derived. The thermal output of a reactor is measured very accurately (less than one percent uncertainty) using thermocouples and flow meters at the inlet and outlet of the cooling water circulating in the reactor. The time integral of the power is the energy (gigawatt days, GWd) produced by the reactor and is the basis of the burnup assignment to individual assemblies. In-core radiation measurements located throughout the reactor are used to distribute the GWd to each assembly through a distribution function provided by the manufacturer of the reactor. The distribution function assigns a fraction of the total GWd to each assembly based on the in-core measurements and the history of the assembly. Since the s u m of the GWd of all assemblies must equal the total GWd of the reactor over any time span, if the burnup for one assembly is 'Wgh;' another must be "low." The distribution function could possibly generate errors that can be characterized as random, because of the "zero-sum" aspect of the errors. The most likely source of a possible systematic error, one that applies to all assemblies, is the-integral of the power output of the reactor, since the burnup for each assembly is determined by multiplying the distribution fraction by that number. Since the integral of the power output of the reactor is measured very accurately, a relative burnup measurement among the assemblies can determine the extent of the random error among the assemblies and indicate any assemblies whose radiation output is inconsistent with the record for burnup. The Fork system is designed to determine the extent of the random variation among assembly burnups, and to identify any anomalous values.
Since assembly burnup is defined and measured only while the reactor is in operation,
once an assembly has been removed from the reactor as spent fuel, its burnup can no longer be directly measured. Radiation measurements on the spent fuel can be used to verify the burnup assigned to the assembly if the emitted radiation can be correlated with some aspect of the burnup experienced by the assembly while it was in the operating reactor.
Radiation From Spent Fuel
In the application of nuclear criticality safety to the transport and storage of spent fuel from commercial nuclear reactors, the fuel assemblies of interest have been cooled for over five years, which greatly simplifies the analysis of the emitted radiation. For shorter cooling times, many isotopes are significant emitters, but most have decayed to insignificance after five years because of the predominance of short half-lives in the fission and activation products. After five years of cooling time, the predominant neutron emitter is curium-244, which is fonned by successive neutron capture beginning with uranium-238. The production of curium-244 is found to increase with about the fourth power of the burnup. The neutron emission is therefore very sensitive to variations in bumup. Cesium-137, the major gamma emitter after five years of cooling, is produced as a fission product. Its production is essentially a linear function of burnup. The attenuation factor in the assembly is greater for gamma rays than it is for neutrons, so that neutrons emitted from the assembly can originate from rods deeper inside the assembly than can gamma rays. In the case of neutrons from curium-244 and gamma rays from cesium-137, the neutrons can sample about 80% of the rods of an assembly, while the gamma rays can sample the outer 30% of the rods.
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Fork System
The Fork system measures the passive neutron and gamma-ray emissions from individual spent-fuel assemblies while the assembly is in the storage pool. The effectiveness of the Fork system for verification of reactor records is due to the sensitivity of the neutron yield to burnup, the self-calibration generated by a series of measurements, and the redundancy provided by three independent detection systems.
The Fork system was designed at Cos Alamos National Laboratory and has been used for many years by the International Atomic Energy Agency (IAEA) to verify reactor records for safeguard applications. The results of those measurements are summarized, and publications cited, in Reference 4.
The Fork detector and its associated electronics are shown in Figure 1-1 . Figure 1 -2 is a disassembled view of the detector head. Each of the two arms of the Fork detector contains two fission chambers (the outer steel cylinders in Figure 1 -2) to measure the yield of neutrons, and one ion chamber (the inner brass cylinders shown between the fission chambers in Figure 1 -2) to measure gross gamma-ray emission. One fission chamber (the epithermal detector) in each arm is embedded in a polyethylene cylinder that is surrounded by a thin sheet of cadmium which serves to absorb thermal energy neutrons. The other fission chamber, outside the cadmium cover, is sensitive to thermal neutrons and the boron content of the water in the spent-fuel pool. The polyethylene cylinders containing the epithermal detectors are inserted into the polyethylene outer cover shown in Figure 1 -2. The epithemal detectors provide the primary data used in the Fork technique. In the original (IAEA) application, the thermal neutron detectors were used to check the variation of the boron content among the spent-fuel pools at different sites. In the present use, the thermal detectors serve as a backup measurement to the epithermal data. The system is diagrammed in an operational arrangement in Figure 1 -3. The detector is moved in the storage pool to the location of the spent-fuel assembly that is to be examined. The assembly is raised until the measuring point is located at the detector head, the detector is moved into contact with the assembly, and the neutron and gamma-ray data are collected for approximately 60 seconds. 
Procedure
The Fork detector was suspended from the fuel-handling bridge over the spent-fuel pool. The demineralized water in the pool contained approximately 2500 parts per million boron. The top of the storage rack is approximately 25 feet below the water level. The Fork measurements were performed underwater between the inner fuel mast of the fuel-handling bridge and the top of the storage rack. The detector head was fixed at a location just below the inner fuel mast approximately 14 inches above the top of the storage rack. The shielding provided by the pool water and top fittings of the assemblies was adequate to produce an acceptable background reading in the detectors, typically less than one percent of an assembly measurement. Each selected assembly was raised in its rack using the fuel-handling hoist until the detector was 1 foot above the center of the assembly. A steel band located at the center of each assembly precluded a measurement at that level. Other measurements have shown the neutron and gamma-ray yield to be essentially constant along the central section of similar PWR assemblies, extending several feet either side of the center. For the purpose of verifying the reactor records, a measurement at 1 foot above the center of the assembly (halfway between bands) is equivalent to a measurement at the center of the assembly. The detector was placed in contact with the assembly, and data were accumulated for approximately 60 seconds to ensure that more than 10,000 counts were obtained in the epithermal neutron detectors. The ion chamber (gamma) current reaches its maximum value in approximately 1 second. After the measurement the assembly was lowered back into its rest position in the rack. Background data (no raised assembly) were taken each time the location of the detector was changed appreciably, and were found to vary insignificantly.
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Results and Analysis
Thirty-four assemblies were measured in one and a half working days of operation. The initial enrichment of the assemblies ranged from 2.016 to 3.209 weight percent uranium-235. The range in assembly average burnup was from 19.9 to 57.3 GWd/MTU. The cooling Limes varied from 6.1 to 17.6 years. Background counts were generally less than 1% of the signal from the assembly. Appendix A lists the data and analysis values for all assemblies.
The analysis of the Fork data makes use of the reactor records for cooling time, burnup, and initial enrichment in such a way that errors in any of these parameters increases the average deviation, and the data from each-assembly is compared with the average calibration. The approach used in the analysis described here is to accumulate data from a number of assemblies and generate an internal calibration by comparing each assembly to the best derived fit tu all the data. This self-calibration eliminates the uncertainties and complications that are introduced by external calibration techniques, while retaining the sensitivity to detect measurements that are inconsistent with the reactor records.
To correct the observed data for the variation in cooling times among the assemblies, the neutron data (after background subtraction) were extrapolated back to the date of discharge of each assembly using an exponential factor of half-life equal to 18 years, the half-life of the principal neutron emitter, curium-244. A factor to adjust the observed count rates for the variation in initial enrichment among the assemblies was calculated using the reactor records for the initial enrichment and burnup for each assembly as described in Appendix B. This correction is required because the curium-244, which produces the neutrons, is produced by activation of uranium-238 rather than by fission reactions. The enrichment correction factor is normalized (=1) for an arbitrarily chosen enrichment of 3.0 weight percent uranium-235. For thirty-one assemblies, the correction factor varies from 0.8 to 1.1. For the three assemblies with the lowest enrichment (2.06 weight percent), the correction factor is 0.35.
The neutron count rates in the epithermal neutron detector (corrected by the cooling time and enrichment corrections described above) are shown in Figure 2 -1, a log-log plot of neutron signal versus burnup (reactor record) for each assembly. The calibration curve shown in Figure 2-1 Combining the variations by the square root of the sulll of the squares indicates a random variation in the records of about 3%. The maximum deviation observed for a single assembly was 8.6%. The thermal neutron data is used to back up the epithermal data analyzed above. When the thermal neutron data are analyzed in the same manner as the epithermal data, the average deviation and the functional dependence on the burnup are essentially unchanged. The results for Unit 1 have been reported in an earlier publication.5
Figure 2-2 is a plot of the gamma-ray signal for each assembly divided by its burnup versus the cooling time. If the gamma-ray signal were due solely to fission products (like cesim-137), there ideally would be a single value for each cooling time. The average deviation from the mean value of the data at each cooling time is approximately 5%. Since the neutron data is a far more sensitive indicator of variations in burnup, the gamma-ray data is used only as a general confirmation of cooling time and burnup. The batch discharge of spent-fuel assemblies is evident in this display from the clustering of data around certain cooling times. COOLING TIME (days) Eight rods of slightly lower enrichment surrounded each of the five guide tubes, and three such rods were located at each corner of the assembly. For the analysis of this data, the average enrichment for each assembly was used.
Procedure
The measurement procedure for Unit 2 was essentially the same as that for U n i t 1 described on page 2-1, except for the differences described here. The fuel-handling bridge of Unit 2 does not use an inner fuel mast, so that the Fork detector had unobstructed access to the raised fuel assembly. The detector head was located approximately one foot above the storage rack. For the single point measurements, each assembly was raised until the detector head was located at the center of the assembly, about halfway between bands five and six counting from the top. There was no band at the center level of the Unit 2 assemblies that might interfere with the measurements. For the axial scans, data were taken halfway between successive bands on the assembly by raising the assembly and visually estimating the halfway point. The bands were separated by about 15 inches. The depth tape readings (ZZ tape) were used to specify the data and to locate data points closer together than 15 inches.
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Results and Analysis
Measurements were performed on thirty-nine standard assemblies that had cooled longer than five years, and two non-standard assemblies of shorter cooling time that contained small neutron sources (plutonium-beryllium). Axial scans were performed on one of the standard assemblies and on both of the non-standard assemblies. The non-standard assemblies were not included in the burnup m e fitting analysis. The average initial enrichment of the assemblies ranged from 1.9 to 3.9 weight percent uranium-235. The range in assembly average burnup was 123 to 50.7 GWdIMTU. The cooling times varied from 3.8 to 13.7 years. The analysis of the data followed the approach described for Unit 1 on page 2-2. The enrichment correction factor varied from 0.29 to 1.60.
The neutron count rates in the epithermal neutron detector (corrected by the cooling time and enrichment corrections) are shown in Figure 3 -1, a log-log plot of neutron signal versus burnup (reactor record) for each assembly. The calibration curve shown in Figure 3 -1 is the power law best fit (least squares) to the data, . r and is given by where N is the neutron count rate in counts per second, B is the burnup in GWd/MTU, and C is a fitted constant whose value is 0.000145. The neutron signal is proportional to the 4.35 power of the burnup, which differs from the value of abut 3.8 that has been observed for the B&W assembly design at several reactors. The observed average absolute deviation in burnup from the calibration curve shown in Figure 3-1 is 3 .5%.
The overall statistical uncertainty of the neutron measurement after corrections is about 2%. Combining the variations by the square root of the sum of the squares indicates a random variation in the records of about 3%. The maximum deviation observed for a single assembly was 8.6%.
Figure 3-2 is a plot of the gamma-ray signal for each assembly divided by its burnup versus the cooling time. If the gamma-ray signal were due solely to fission products (like cesium-l37), there ideally would be a single value for each cooling time. The average deviation from the mean value of the data at each cooling time is approximately 5%. Since the neutron data is a far more sensitive indicator of variations in burnup, the gamma-ray data is used only as a general confirmation of cooling time and burnup.
Axial Scans
The three axial scans are shown in Figures 3-3 .............. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Figure 3-3 is the standard assembly, and exhibits the expected flat profile near the center of the assembly, with decreasing signals near the ends of the assemblies due to the reduced burnup. The nominal spatial resolution of the uncollimated detectors is about 15 inches on the axis of the assembly, so that finer detail of the axial variation of burnup is not resolved. Figures 3-4 and 3-5 show similar measurements for the two non-standard assemblies that incorporated the neutron sources. The sources were detected by a rise in signal of about 25 to 40% near the midpoint of the assemblies for the two neutron detectors. The neutron sources do not produce gamma rays, so the gamma-ray scan did not detect the sources.
CONCLUSIONS
The Fork measurements correlated well with the records of both reactors at Arkansas Nuclear One. The correlation of the reactor records with the emitted neutrons indicated random variations of less than 3% in the records of assembly burnup. No obvious anomalous assemblies were detected, and the maximum deviation for a single assembly was less than 10%. The Fork system proved to be compatible with utility operations and equipment at both reactors. The effect of the different assembly designs in the two reactors is shown by the functional dependence of the neutron emission on burnup. For the Unit 1 (B&W) assemblies the neutron signal increased as the 3.83 power of the burnup, in agreement with earlier measurements on the B&W assemblies at Oconee Nuclear Station2 For the CE assemblies of Unit 2 the neutron signal increased as the 4.35 power of the burnup. This result suggests that the burnup dependence of the neutron signal may be specific to each assembly design. A variation in the burnup exponent has been noted in MEA measurements with the Fork system.4 This variation is probably due to the varying reactor operating parameters among the different reactor designs. The axial scan measurements on the three assemblies indicate the resolution that can be obtained with uncollimated detectors, about 15 inches along the axis of the assembly. This resolution is adequate to locate the neutron sources in the two nonstandard assemblies, which produced a rise in the neutron count rate of 25 to 40%. The two non-standard assemblies had been cooling for about 2 years. The relative increase in neutron count rate would be expected to increase with increased cooling time, since the curium-244 signal will decay with an 18-year half-life, while the neutron output of the plutonium-beryllium sources will remain essentially constant. This effect may account for the anomalous results observed in two assemblies at Oconee Nuclear Station.2 Those two assemblies had been cooling for about 15 years, and are known to have contained neutron sources at one time. The first four columns were obtained from the reactor records for the assemblies tested.
Column ID is the assembly identification. Column Ei is the initial enrichment (for Unit 2, the average enrichment). Column B is the average burnup in gigawatt days per metric ton of uranium. Column T is the time interval between discharge from the reactor and the date of the measurement in days. Column n is the observed epithermal neutron count rate in counts per second, with the background subtracted. Column nfi is the observed thermal neutron count rate in counts per second, with the background subtracted. Column Ei factor is the correction factor for initial enrichment described in Appendix B. Column N is the epithermal neutron count rate of column n multi lied by the factor of column Ei factor, and extrapolated to the date of discharge ( by elf h = 0.0001048 d-1, T = data of column T) using the 18-year half-life of curium-244. Column N contains the data plotted in Figure 2 -1 (for Unit 2, Figure 3-1) as a function of the burnup, B. Column Bcd is the burnup value determined from the calibration line at the neutron count rate for that assembly. The calibration line is described in the text, and is derived from the best power law fit (least squares) to the data of column N. Column AB/B is the absolute deviation (in percent) of the burnup determined from the calibration (column Bed) and the reactor record burnup (column B). Column G is the observed gamma (ion chamber) signal in milliamperes. Column G/B is the gamma signal divided by the burnup of column B, and is plotted in 
